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Abstract: The organic carbon in streambed sediments drives multiple biogeochemical reactions,
including the attenuation of organic micropollutants. An attenuation assay using sediment microcosms
differing in the initial total organic carbon (TOC) revealed higher microbiome and sorption associated
removal efficiencies of trace organic compounds (TrOCs) in the high-TOC compared to the low-TOC
sediments. Overall, the combined microbial and sorption associated removal efficiencies of the
micropollutants were generally higher than by sorption alone for all compounds tested except
propranolol whose removal efficiency was similar via both mechanisms. Quantitative real-time PCR
and time-resolved 16S rRNA gene amplicon sequencing revealed that higher bacterial abundance
and diversity in the high-TOC sediments correlated with higher microbial removal efficiencies of
most TrOCs. The bacterial community in the high-TOC sediment samples remained relatively stable
against the stressor effects of TrOC amendment compared to the low-TOC sediment community
that was characterized by a decline in the relative abundance of most phyla except Proteobacteria.
Bacterial genera that were significantly more abundant in amended relative to unamended sediment
samples and thus associated with biodegradation of the TrOCs included Xanthobacter, Hyphomicrobium,
Novosphingobium, Reyranella and Terrimonas. The collective results indicated that the TOC content
influences the microbial community dynamics and associated biotransformation of TrOCs as well as
the sorption potential of the hyporheic zone sediments.
Keywords: total organic carbon; trace organic compounds; hyporheic zone; sediments; amplicon
sequencing; microbial diversity
1. Introduction
Wastewater-derived trace organic compounds (TrOCs) such as pharmaceuticals and personal
care products are frequently detected in receiving rivers due to inefficient removal by most
conventional treatment processes [1,2]. Despite occurring in trace concentration ranges (ng to µg L−1),
their persistence and accumulation are of ecotoxicological concern [3]. However, attenuation of such
compounds via microbial transformation and sorption processes has been reported in the hyporheic
zone, the saturated sediment directly beneath and lateral to the stream [2,4–6]. Both attenuation
processes are significantly influenced by the organic matter content in the sediment since organic
carbon fuels multiple TrOC-coupled biogeochemical reactions [7] as well as being the main sorbent for
organic chemicals [8].
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In impacted rivers and streams, most of the organic carbon derived from wastewater effluents,
decomposing leaf litter and macrophytes is deposited onto the streambed sediment [9,10]. The upper
section of the sediment or benthic zone as the primary contact point of such deposits has a higher
concentration of organic carbon compared to subjacent layers [6,7]. Subsequently, most streambed
sediments of receiving rivers are characterized by gradients in the organic carbon content along
the depth profile. This bioavailable total organic carbon (TOC) is considered a major limiting
factor for microbial metabolism [11]. As bacteria dominate microbial communities in streambed
sediments [12–16], bacterial populations, turnover and metabolism are virtually higher in the surface
sediment layer with corresponding mineralization rates decreasing exponentially with depth [6,17–19].
Additionally, as the main sorbent for organic chemicals, the decline in TOC content with increasing
depth corresponds to reduced TrOC sorption potential of the sediment [16].
As rivers continue to be impacted by a wide range of emerging TrOCs, the influence of
the hyporheic zone sediment TOC content on their removal becomes increasingly important.
We hypothesized that hyporheic zone sediments differing in the TOC content along the depth
profile host distinct microbiomes and exhibit variable TrOC removal capacities. We investigated
the removal efficiency of a set of 13 TrOCs routinely discharged by a wastewater treatment
plant (WWTP) using impacted hyporheic zone sediments differing in the initial TOC content.
The compounds included pharmaceuticals from various pharmacological classes including nonsteroidal
anti-inflammatory drugs (NSAIDs; diclofenac, ibuprofen, ketoprofen and naproxen), beta-blockers
(metoprolol, propranolol), cholesterol-lowering agents (bezafibrate, clofibric acid), antihypertensive
drugs (furosemide, hydrochlorothiazide), anticonvulsant (carbamazepine), an artificial sweetener
(acesulfame), and a corrosion inhibitor (benzotriazole).
Our objectives were to (i) determine TrOC removal efficiencies in hyporheic zone sediments
differing in initial TOC concentrations via microbial transformation and sorption mechanisms, (ii) assess
the response of the indigenous bacterial communities in the sediments differing in TOC concentrations
to TrOC amendment, and (iii) hence identify potential bacterial TrOC degraders. To address our aims,
we (i) performed a TrOC attenuation assay in biotic and abiotic batch microcosms, and (ii) characterized
the response of the indigenous bacterial community using time-resolved high-throughput sequencing
of the 16S rRNA genes and 16S rRNA.
2. Materials and Methods
2.1. Study Site and Sampling
Sediment samples were collected from a section of the River Erpe, an urban lowland stream in
Berlin, Germany, located approximately 0.7 km downstream of the Muenchehofe WWTP effluent
outlet. The stream receives 60–80% of its discharge as effluents [20]. In June 2016, the site was
selected for a comprehensive study on the fate of TrOCs in the hyporheic zone. The sediments at the
sampling site were densely covered by macrophytes, hence minimizing light exposure onto the surface
sediment [20]. Preliminary analysis of the nutrient species across the sediment profile indicated the
upper 30 cm was oxic [6]. The sediment was also virtually homogenous up to about 35 cm depth and
consisted mainly of sand (>50%), silt and gravel [21]. The sediment TOC concentration decreased with
increasing depth. The upper layer (0–10 cm), hereafter referred to as the surface layer, and the subjacent
layer (>10 cm of depth), hereafter referred to as the subsurface layer, contained 8.7% and 3.2% TOC,
respectively [5], which was in a typical range of TOC found in temperate streambed environments
(2.0–33%; average: 8.5%; [22]). Three sediment cores up to the 20 cm sediment depth were collected
using 6 cm-diameter sediment corers (Uwitec, Mondsee, Austria). Grab samples of the surface water
were also collected at the same location as the sediment cores and stored in sealed bottles. The core
samples were then transferred to the laboratory and sectioned in 10 cm intervals. Sediment samples
between depths 0–10 cm and 10–20 cm from the three replicate cores were manually homogenized in
sterile plastic containers using alcohol-sterilized spatulas and processed aerobically under standard
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sterile lab conditions. A portion (t0 samples) from each sectioned depth was stored at −80 ◦C for
subsequent extraction of nucleic acids.
2.2. Chemicals and Standards
Native and isotope-substituted internal standards of the test compounds—diclofenac,
ibuprofen, ketoprofen, naproxen, metoprolol, propranolol, bezafibrate, clofibric acid, furosemide,
hydrochlorothiazide, carbamazepine, benzotriazole and acesulfame—were purchased from Toronto
Research Chemicals Inc., (North York, ON, Canada). Liquid chromatography–mass spectrometry
(LC-MS) grade methanol was purchased from Merck (Darmstadt, Germany), analytical grade acetic
acid (≥99.7%) from Sigma-Aldrich (Darmstadt, Germany) and LC-MS grade water was generated with
a Milli-Q water purification system (Merck, Darmstadt, Germany). Stock and working solutions were
prepared as reported in [4].
2.3. Microcosm Setup
Three sets of microcosms per sediment layer using duplicate samples for each of the three
sediment cores were set up in 5 mL glass bottles, each containing 2 g of wet sediment and 2 mL
of river water. In total, nine microcosms were set up per sediment layer (3× sediments from three
cores 3). In two of the three sets, the river water was amended with approximately 500 µg L−1 of
each of the 13 test compounds. All 13 test TrOCs occur at the sampling site, and TrOCs typically
range from 0.1 to 200 µg L−1 in surface and hyporheic pore waters [4]. TrOC concentrations applied
in our microcosms were higher but in the same order of magnitude of concentrations observed in
situ [4]. Such high concentrations were used to allow for an enrichment of potential TrOC degraders
as previously demonstrated [23,24]. To account for sorption, one of the setups was treated with 0.1%
sodium azide to reduce bacterial activity. The third set of microcosms served as an unamended biotic
control and was incubated without the test compounds. The slurries were then thoroughly mixed,
and the bottles capped. All setups were incubated at 18 ◦C with shaking at 100 rotations per minute for
the duration of the test to facilitate water infiltration in the sediments. Incubation was in the dark to
mimic light-limited conditions of sediments due to macrophyte coverage of sediments, and to minimize
potential photolysis. The microcosms were aerated daily under sterile conditions. After 15 days of
incubation, three replicates from each treatment were destructively sampled, and the sediment from
the biotic setups stored at −80 ◦C for subsequent nucleic acid extraction. At the end of the test (65 days),
the supernatant was withdrawn for LC-MS analysis of the test compounds and the sediment used for
nucleic acid extraction.
2.4. Chemical Analysis
Water samples were analyzed using a direct injection-ultra high-performance liquid
chromatography method coupled to tandem mass spectrometry (UHPLC-MS/MS) following a
standard protocol established previously [4]. Frozen water samples (−20 ◦C) were equilibrated to room
temperature, and volumes of 800 µL were combined with 195 µL methanol and the isotope-labeled
internal standard mix in 5 µL methanol. The mixture was then vortexed and filtered using Filtropur S
0.45 µm polyethersulfone (PES) membrane syringe filters (Merck, Sarstedt, Germany) into 2 mL
micro vials (Thermo Scientific, Dreieich, Germany). The UHPLC-MS/MS injection volume was 20 µL.
A blank sample to control for carry-over and a quality control standard (QC, compound concentration
0.5–3 µg L−1) was injected every 10–15 samples. The acquired MS data were further processed
using Thermo Scientific Xcalibur 3.1.66.10 software and quantified using the internal standards
method [4]. The removal efficiency of the test compounds was calculated as a percentage of the initial
spiked concentration.
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2.5. Nucleic Acid Extraction, Quantification, and Reverse Transcription
DNA and RNA were co-extracted following the rapid protocol for the extraction of
total nucleic acids from environmental samples [25]. The nucleic acids were subsequently
separately obtained through enzymatic digestion using DNase-free RNase and RNase-free DNase
(Promega, Mannheim, Germany), respectively, according to the manufacturer’s instructions. DNA and
RNA concentrations were determined with Quant-iT® PicoGreen DNA and RiboGreen RNA assay
kits (Invitrogen, Karlsruhe, Germany), respectively, using a Tecan Infinite® 200 PRO multiplex
plate reader (BioTek, Bad Friedrichshall, Germany). The RNA was subsequently reverse transcribed
into complementary DNA (cDNA) using random hexamer primers and Superscript™ IV Reverse
Transcriptase (Invitrogen, Mannheim, Germany) following the manufacturer’s protocol.
2.6. Quantitative Real-Time PCR
The bacterial 16S rRNA gene and 16S rRNA copy numbers were quantified using the quantitative
real-time polymerase chain reaction (qPCR). The nucleic acids were first diluted 100-fold to reduce
potential inhibition of qPCR by coextracted PCR-inhibiting compounds and confirmed inhibition-free
at such dilutions using spiking assays as described in Zaprasis et al. [26]. The qPCR reaction mixture
consisted of 10 µL SensiMix Plus SYBR Green and Fluorescein,1.2 µL 50 mM MgCl2 (Bioline GmbH,
Luckenwalde, Germany), 150 ng/µL bovine serum albumin, 0.2–1.6 pM of each primer (341F/534R)
(Biomers, Ulm, Germany), 5 µL template (DNA or cDNA) and nuclease-free water (Thermo Fischer
Scientific, Dreieich, Germany). The thermal cycling program comprised initial denaturation at 95 ◦C
for 10 min, and 35 cycles of denaturation at 94 ◦C for 30 s, primer annealing at 55.7 ◦C for 40 s and
elongation at 72 ◦C for 40 s. The final elongation was at 72 ◦C for 5 min.
2.7. Bacterial 16S Amplicon Sequencing
Sequencing of the bacterial 16S rRNA genes and 16S rRNA was implemented via Miseq®
Illumina® platform at LGC Genomics GmbH (Berlin, Germany). An initial PCR amplification step
(protocol kindly provided by LGC), consisted of 1×MyTaq buffer containing 1.5 units MyTaq DNA
polymerase (Bioline, London, UK) and 2 µL of BioStabII PCR Enhancer (Sigma-Aldrich, Darmstadt,
Germany), 15 pmol of each forward primer U341F and reverse primer U806R [27] and 5 ng of
DNA/cDNA per sample in nuclease-free water (Thermo Fischer Scientific, Dreieich, Germany) in a final
20 µL volume. For each sample, the forward and reverse primers had the same 10 nt barcode sequence.
The PCR was carried out using the following thermal profile: 2 min at 96 ◦C initial denaturation
followed by 30 cycles of 96 ◦C for 15 s, 50 ◦C for 30 s and final elongation at 70 ◦C for 90 s. About 20 ng
amplicon DNA of each sample was pooled for up to 48 samples with different barcodes. If needed,
PCRs showing low yields were further amplified for five cycles. The amplicon pools were purified
with one volume Agencourt AMPure XP beads (Beckman Coulter, CA, USA) to remove primer dimers,
followed by an additional purification on MinElute columns (Qiagen, Hilden, Germany). About 100 ng
of each purified amplicon pool DNA was used to construct Illumina sequencing libraries using the
Ovation Rapid DR Multiplex System 1–96 (NuGEN, Leek, The Netherlands). Illumina libraries were
pooled and size selected by preparative gel electrophoresis. Sequencing was performed on an Illumina
MiSeq using V3 Chemistry (Illumina, CA, USA) yielding 300 base paired-end reads.
Raw amplicon sequences were analyzed by demultiplexing all libraries using the Illumina bcl2fastq
1.8.4 software. The reads were sorted by amplicon inline barcode corresponding to independent
samples followed by trimming of sequencing adapters and primers. Combination of forward and
reverse reads was performed using BBMerge 34.38. Using Mothur 1.35.1 [28], sequences containing
ambiguous bases (Ns), with homopolymer stretches of more than 8 bases or with an average Phred
quality score below 33 were removed. Remaining sequences were aligned against the 16S Mothur-Silva
SEED r119 reference alignment followed by sequence subsampling. Errors in sequences were reduced
by preclustering, while chimeras were eliminated with the uchime algorithm. This was followed by
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taxonomical classification of the sequences (against the Silva reference classification) and removal
of sequences from other domains of life. Operational taxonomic unit (OTU) picking by clustering
at the 97% identity level (using the cluster.split method) and OTU consensus taxonomical calling,
integrating the taxonomical classification of the cluster member sequences were then performed.
The representative sequences of each OTU (with at least 2 observed sequences) were queried against
a filtered (unknown and unclassified sequences were removed) version of the ribosomal database
project release 11.4 reference, and a summary table with taxonomy and alignment details for each
OTU representative sequence was generated. OTU relative abundance data filtered for low-abundance
OTUs were subsequently generated with QIIME 1.9.0 using rarified data based on the sample with
the minimum number (12,805) of sequences. Please note that Silva r119 used in the current study
classifies the “Betaproteobacteria” as “Betaproteobacteriales”, an order of the Gammaproteobacteria.
Thus, genera and higher taxonomic ranks that formerly represented “Betaproteobacteria” now belong
to “Gammaprotobacteria”.
Sequence data were deposited in the NCBI Sequence Read Archive under the accession
number PRJNA633609.
2.8. Statistical Analyses
ANOVA and Tukey’s test (p-value of <0.05) were used to evaluate statistically significant differences
in the removal efficiencies of the test compounds, the effect of treatments on the total bacteria 16S
rRNA copy numbers as well as the alpha diversity indices using PAST v3.15 [29]. Principal coordinate
analysis (PCoA) plots and a two-way analysis of similarity (ANOSIM) based on the Bray–Curtis
metric were used to visualize bacterial community composition and to test for significant differences
among the treatments, respectively, using PAST v3.15. OTUs with significant differential abundance
between treatments were identified using the DESeq2-function in R [30], performed on the non-rarefied,
non-normalized datasets using Benjamin–Hochberg adjusted significance levels (p-adj < 0.05).
3. Results
3.1. Depletion of TrOCs under Varying TOC Concentrations
Depletion of TrOCs in the biotic microcosm setups with initially high (8.7%) and low (3.2%) TOC
concentrations varied considerably within and among test compound classes (Figure 1A). Among the
NSAIDs, the removal efficiencies of ibuprofen and ketoprofen were 2-fold higher in the surface relative
to subsurface samples. Diclofenac removal efficiency was only marginally higher in the surface
compared to the subsurface sediment samples, while naproxen was removed entirely under both TOC
conditions. Among the beta-blockers, complete removal of propranolol was observed under both TOC
conditions, while metoprolol removal was only marginally higher in the surface relative to subsurface
layer samples. The cholesterol-lowering agents bezafibrate and clofibric acid removal correlated with
the TOC concentration with significantly higher removal efficiency observed in the surface sediment
layer. However, clofibric acid exhibited relative persistence in both TOC conditions with only less
than 50% removed. Significantly higher removal also occurred for carbamazepine, benzotriazole
and acesulfame but not for furosemide and hydrochlorothiazide in the surface relative to subsurface
sediment samples.
In the abiotic setups, sorption of TrOCs to the sediment correlated with the initial sediment
TOC concentration for most compounds (Figure 1B). Among the NSAIDs, the removal efficiencies of
diclofenac, ketoprofen and naproxen were significantly higher in the surface compared to subsurface
sediment, while that of ibuprofen was only marginally higher. Similar to the biotic setups, the removal
of the beta-blockers metoprolol and propranolol was high under both TOC conditions. Propranolol
was removed entirely, while metoprolol removal exceeded 80% under both high and low TOC
conditions. Significantly higher removal efficiency was also observed for bezafibrate, carbamazepine
and benzotriazole but not for clofibric acid in the surface relative to subsurface samples. Acesulfame
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removal did not occur in abiotic setups under both high and low TOC conditions. On the other
hand, furosemide exhibited a significantly higher removal efficiency in the subsurface relative to
surface samples.
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inhibited, sorption) batch microcosms containing surface and subsurface sediment samples after 65 
days of incubation. Values are the arithmetic means of triplicate incubations. Error bars indicate 
standard deviations. Some standard deviations are smaller than the symbol size and, therefore, not 
apparent. Asterisks (*) indicate significant differences in removal efficiency between surface and 
subsurface sediment samples (ANOVA, p < 0.05). Compound groups are indicated above panel A. 
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The unincubated sediment samples, i.e., t0 samples, revealed approximately 109 16S rRNA gene 
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Figure 1. Relative removal efficiency of test compounds in the (A) biotic and (B) abiotic (azide-inhibited,
sorption) batch microcosms containing surface and subsurface sediment samples after 65 days of
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eviations. Some standard deviations are smaller than the symbol size and, therefore, not apparent.
Asterisks (*) indicate signific t differ nces i removal efficiency between surface and subsurface
sedim sample (ANOVA, p < 0.05). Compound groups ar indicat d above panel A.
Overall, the removal efficiency of most test compounds was higher via biotic and abiotic
mechanisms in the surface relative to subsurface sediment samples (Figure 1). However, a comparison
between the two mechanisms revealed significantly higher removal of ibuprofen, ketoprofen, naproxen,
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metoprolol, bezafibrate, clofibric acid, carbamazepine, acesulfame and benzotriazole in the biotic
relative to abiotic treatments of surface sediment samples. In the subsurface samples, the compounds
diclofenac, ketoprofen, naproxen, metoprolol, bezafibrate, carbamazepine and benzotriazole registered
significantly higher removal efficiencies in the biotic relative to abiotic samples.
3.2. Effect of Treatments on Bacterial Community Structure and Composition
3.2.1. The Abundance of the Total Bacterial Community
The unincubated sediment samples, i.e., t0 samples, revealed approximately 109 16S rRNA gene
and 16S rRNA copies per gram sediment (Figure 2). Following incubation, a marginal decline occurred
in the 16S rRNA gene copies in both amended and unamended surface sediment samples, while a
significant decline occurred in the subsurface samples (ANOVA, p < 0.05), compared to corresponding
t0 samples. TrOC-amended surface sediment samples registered higher 16S rRNA gene and 16S rRNA
copies than the unamended samples analyzed at days 15 and 65 (Figure 2A). On the other hand,
the 16S rRNA gene copies in the subsurface samples were marginally lower in amended relative to
unamended samples on day 15 but higher at day 65 (Figure 2B). The 16S rRNA copies were, however,
marginally higher in the amended than unamended samples at both days 15 and 65.
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Figure 2. Abundance (copy numbers) of bacterial 16S rRNA genes and 16S rRNA detected in oxic
hyporheic zone microcosms containing (A) surface and (B) subsurface sediment samples. Sample code:
0, 500 indicate supplemental TrOC concentrations in µg L−1. 0, 15, 65 represent sampling days.
Values are the arithmetic means of triplicate incubations. Error bars indicate standard deviations.
3.2.2. Diversity and Bacterial Community Structure
Surprisingly, species richness was higher in the subsurface than surface sediment samples in
the sediment prior to incubation (Figure 3A,B). However, a significantly higher species richness was
observed in the amended surface compared to subsurface samples obtained at days 15 and 65 following
incubation. In contrast, higher species richness was observed in the unamended subsurface relative to
surface samples at day 65.
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Figure 3. Taxa richness (A,B) and Shannon diversity (C,D) of the total bacterial community in surface
(A,C) and subsurface (B,D) sediment samples. Sample code: 0, 500 indicate supplemental TrOC
concentrations in µg L−1. 0, 15, 65 represent sampling days. Values are the arithmetic means of triplicate
incubations. Error bars indicate standard deviations.
The Shannon diversity was likewise marginally higher in the unincubated (t0) subsurface relative
to surface samples (Figure 3C,D). However, in incubated samples, the surface samples exhibited higher
diversity indices compared to the subsurface samples irrespective of treatment.
PCoA plots based on 16S rRNA gene and 16S rRNA sequence data, and ANOSIM R-values,
revealed the effect of the treatments on the microbial community. R-values greater than 0.6 indicated
a rather strong dissimilarity between microbial communities from different treatments and time
points. In the surface sediment samples, the PCoA plots revealed distinct clustering of the bacterial
community according to incubation time, while the effect of TrOC amendment was not apparent
(Figure 4A,B). Consistent with these findings, the two-way ANOSIM test indicated that in the
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surface sediment samples, incubation time accounted significantly for the variation in the bacterial
community composition (DNA: R = 0.7, RNA: R = 0.7, p < 0.02), while the effect of treatments was
not apparent (DNA: R = 0.3, RNA: R = 0.2, p < 0.22). For the subsurface samples, both incubation
time and TrOC amendment contributed significantly to the differences in the bacterial community
composition. The clustering, however, distinctly separated along axis 1, depicting a stronger influence
of incubation time than that of the TrOC amendment (Figure 4C,D). The corresponding ANOSIM test
further supported this observation by revealing the stronger effect of incubation time (DNA: R = 0.9,
RNA: R = 0.9, p < 0.02) compared to TrOC amendment (DNA: R = 0.7, RNA: R = 0.7, p < 0.01).
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Figure 4. Principal coordinate analysis based on Bray-Curtis dissimilarity metric showing the effect of
TrOCs on the bacterial community composition on operational taxonomic unit (OTU)-level from 16S
rRNA gene (A,C) and 16S rRNA (B,D) data for surface (A,B) and subsurface (C,D) sediment samples,
respectively. Sample code: 0, 500 indicate supplemental TrOC concentrations in µg L−1. 0, 15, 65
represent sampling days.
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3.2.3. Phylum-Level Taxonomic Composition
The predominant phyla in the two sediment layers on DNA and RNA levels were Proteobacteria,
Chloroflexi, Actinobacteria, Acidobacteria, Bacteroidetes and Firmicutes (Figure 5). Other phyla
identified (>1% relative abundance) included Nitrospirae, Gemmatimonadetes and Chlorobi. The t0
samples indicated that only the relative abundance of the predominant phylum Proteobacteria was
higher in the surface (38%) compared to the subsurface layer (32%), while other phyla were similar in
terms of relative abundance in the two layers.
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gene (A,C) and 16S rRNA (B,D) level for surface (A,B) and subsurface (C,D) sediment samples.
Phyla accounting for less than 1% of all sequences are grouped as “others”. Sample code: 0, 500 indicate
supplemental TrOC concentrations in µg L−1. 0, 15, 65 represent sampling days.
Following incubation, amended relative to unamended surface sediment samples registered an
increase in the relative abundance of some phyla at day 15 (Figure 5A,B). These included Proteobacteria
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(DNA: 37 to 41%, RNA: 40 to 44%), Bacteroidetes (DNA: 4.5 to 5.5%, RNA: 3 to 6%) and Firmicutes
(DNA: 4 to 5%; RNA: 5 to 10%). Chloroflexi (DNA: 22 to 25%, RNA: 17 to 20%) and Gemmatimonadetes
(DNA: 2 to 3%, RNA: 2 to 3%) increased in the relative abundance at day 65.
In the subsurface samples (Figure 5C,D), an increase in the relative abundance in amended relative
to unamended samples at day 15 occurred only in Proteobacteria (DNA: 41 to 62%, RNA: 49 to 56%),
while other phyla declined including Chloroflexi (DNA: 18 to 14%, RNA: 15 to 11%), Acidobacteria
(DNA: 4 to 3%, RNA: 4 to 3%) and Firmicutes (DNA: 11 to 4%, RNA: 13 to 11%). At day 65,
however, an increase in the relative abundance was observed in Proteobacteria (DNA: 32 to 40%,
RNA: 40 to 55%), Chloroflexi (DNA: 15 to 18%, RNA: 10 to 12%) and Acidobacteria (DNA: 4 to 5%,
RNA: 3 to 5%).
3.2.4. Family-Level Taxonomic Composition
The t0 surface and subsurface sediment samples exhibited a similar number of dominant bacterial
families (>3% relative abundance) at the DNA level (Figure 6A,C). However, the surface sediment
samples had a higher number of dominant families than subsurface sediment samples at the RNA level
(Figure 6B,D). These included Proteobacteria affiliated Hyphomicrobiaceae and Comamonadaceae;
Caldilineaceae and unclassified families of JG30-KF-CM66, KD4-96, TK10, JG30-KF-CM45 belonging to
the Chloroflexi; an Acidobacterial Subgroup 6 family, and Nitrospiraceae (Nitrospirae). Among the t0
samples, some families exhibited higher relative abundances in the subsurface than in surface sediment.
These included the family Anaerolineaceae at the DNA and RNA levels, Rhodobiaceae at the DNA
level and Gemmatimonadaceae at the RNA level (Figure 6).
Incubated surface sediment samples amended with TrOCs exhibited an increased relative
abundance relative to unamended controls in the families Methylophilaceae, Caldilineaceae,
Acidimicrobiaceae and Gemmatimonadaceae and an unclassified KD4-96 family at the DNA level
(Figure 6A). At the RNA level, Methylophilaceae, Comamonadaceae, Anaerolineaceae, unclassified
JG30-KF-CM45, Acidobacteria Subgroup 6 family and Eubacteriaceae were stimulated by the TrOCs
(Figure 6B). The amended subsurface sediment samples exhibited higher relative abundance than
the unamended controls in the families Xanthobacteriaceae, Hydrogenophiliaceae, Rhodospirillaceae,
Methylophilaceae, Rhodocyclaceae and an unclassified KD4-96 family at both DNA and RNA levels,
Hyphomicrobiaceae, Caldilineaceae, Acidobacteria Subgroup 6 family only at the DNA level and
Comamonadaceae, Anaerolineaceae and Peptococcaceae at the RNA level, respectively (Figure 6C,D).
3.2.5. Genus-Level Taxa Associated with TrOC Degrading Microbial Communities
Relative to unamended controls, some specific taxa were considered enriched by the test
compounds based on significant differential abundance as determined by Log2foldchange values
(Table 1). Based on the 16S rRNA gene and 16S rRNA analyses, diverse taxa were enriched in response to
TrOCs, including known and Candidatus genera affiliated with the phyla Proteobacteria (alpha-, delta-,
gamma) and Bacteroidetes (Sphingobacteriia and Cytophagia) (Table 1).
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Table 1. Bacterial genus-level taxa (OTUs) enriched in TrOC-amended sediments relative to unamended controls, and closest cultured relatives of the OTU
representative 16S rRNA gene sequences. Significant (p-adj < 0.05) Log2-fold changes > 0 are reported as determined by Deseq2.
Phylum/Sub-Phylum Genus-Level (OTU No.) Closest Cultured Relative Acc. No a [%] b
Log2-Fold Change
16S rRNA Gene 16S rRNA
Proteobacteria
Alphaproteobacteria
Xanthobacter (75) Xanthobacter agilis MK402058 99 5 c 4
Hyphomicrobium (21) Hyphomicrobium vulgare KC447318 99 2 –
Magnetospirillum (510) Magnetospirillum magneticum AB983194 100 – d 4
Novosphingobium (120) Novosphingobiumaromaticivorans KU924009 100 – 4
Reyranella (439) Reyranella aquatilis NR_158037 100 – 3
Rhizobium (546) Rhizobium selenitireducens MH665748 100 – 2
Prosthecomicrobium (388) Prosthecomicrobium hirschii NR_104906 100 – 2
Deltaproteobacteria
unc. Myxococcales (1467) Vulgatibacter incomptus CP012332 92 5 3
Phaselicystis (462) Phaselicystis flava NR_044523 91 4 –
Geothermobacter (241) Geothermobacter ehrlichii NR_042754 94 – 2
Gammaproteobacteria
unc. Neisseriaceae (1382) Annwoodia aquaesulis NR_044793 95 3 –
Ferritrophicum (36) Ferritrophicum radinicola DQ386273 94 2 –
unc. Betaproteobacteriales (56) Piscinibacter aquaticus LC430085 93 2 –
unc. Nitrosomonadaceae (77) Collimonas fungivorans KM604833 93 1 –
Crenothrix (268) Crenothrix polyspora DQ295898 96 – 5
Bacteroidetes
Sphingobacteriia
unc. KD3-93 (2443) Owenweeksia hongkongensis CP003156 90 – 6
unc. env.OPS_17 (2106) Sphingobacterium tabacisoli NR_159136 89 – 5
unc. env.OPS_17 (818) Anseongella ginsenosidimutans CP042432 85 – 4
Terrimonas (370) Terrimonas soli NR_159891 98 2 –
Cytophagia unc. Rhodothermaceae (1646) Rhodothermus marinus Y14143 90 – 2
a Gene bank accession number; b similarity of OTU representative 16S rRNA gene sequence to that of closest cultured relative; c significant (p-adj < 0.05) Log2-fold change >0 and <0 are
reported as determined by Deseq2; d non-significant differential abundance between treatment and unamended controls.
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4. Discussion
4.1. Influence of TOC on Biotransformation and Sorption of TrOCs
Higher microbial removal efficiencies of most test compounds in the organic rich surface relative
to the subsurface sediment samples (Figure 1A) highlight the significance of the organic carbon content
in the removal of some micropollutants reaching the hyporheic zone. The organic carbon serves as
a nutrient source for heterotrophic microorganisms and promotes bacterial colonization [9,11,31].
Thus, a better energy status of surface than subsurface sediment microbes might be anticipated,
suggesting that surface sediment organisms are more tolerant to TrOCs and prone to respond to
TrOC amendment than their subsurface sediment counterparts. This may explain the higher bacterial
abundance and diversity detected in the incubated surface sediment samples (Figures 2 and 3).
High diversity and abundance have been previously associated with enhanced biotransformation
efficiency of many organic micropollutants [16,23,32–35], an observation the current study extends.
Acesulfame, hitherto considered persistent [36], has been recently reported to be biodegradable
in constructed and natural environments, though the environmental parameters associated with
these recent findings are not yet established [6,34,37]. In the current study, the biotransformation of
acesulfame occurred only in the surface sediment suggesting the compound was likely degraded by
specific taxa that were supported by the high TOC content in this layer compared to the subjacent layer.
Benzotriazole, considered less biodegradable in WWTPs [38], was almost completely removed in the
sediment samples. This may be attributed to the higher bacterial diversity and increased residence
time in hyporheic zone sediments than in WWTPs [39,40].
While furosemide was previously considered recalcitrant to biodegradation, biotransformation in
sediments has been reported recently [41], and the current study suggests the organic carbon content may
influence such biotransformation. Though the majority of previous studies reported carbamazepine as
relatively persistent to biodegradation [4,16,34,42,43], up to 60% removal of carbamazepine in a mixed
bacterial culture has been reported [44]. In the current study, removal in the biotic microcosms was
only marginally higher than in the abiotic setup suggesting possible contribution of both mechanisms
in its removal as carbamazepine sorbs readily to organic matter in sediment-water systems due to its
relatively high log Dow of 2.8 [24].
Hydrochlorothiazide removal is attributed to photolysis and hydrolysis [45,46]. While photolysis
can be excluded in the current study, the contribution of hydrolysis to its removal cannot be ruled out,
and further investigations would be required. Indeed, hydrochlorothiazide removal was similar in
biotic and abiotic treatments (Figure 1), suggesting abiotic removal mechanisms such as hydrolysis in
addition to sorption as more relevant than biodegradation. Despite higher removal of clofibric acid in
surface relative to subsurface sediment samples, the overall removal of the compound was still low
(<40%) in biotic microcosms under both TOC conditions suggesting the persistence of the compound
in water-sediment matrices as reported in previous studies [47,48]. Nevertheless, biodegradation
contributed to its removal (Figure 1).
The complete and near-complete removal of propranolol and metoprolol, respectively, under both
TOC concentrations, matches previously reported patterns in two sediment types differing in TOC
content [49]. Both compounds are structurally similar, a factor that may have influenced their similar
interaction with TOC and the resident bacterial community. Since removal efficiencies in biotic and
abiotic incubations were similar, abiotic mechanisms dominated biodegradation here.
On the other hand, naproxen, ibuprofen and ketoprofen (NSAIDs) exhibited variable interaction
with TOC where the latter two were strongly impacted by TOC content, while naproxen was not.
This may be attributed to the difference in their physical–chemical properties. While the three
compounds contain the carboxyl and alkyl functional groups, naproxen differs markedly from the
rest by having an ether group [50], which may account for its varied interaction with TOC or resident
microbial communities. Overall, biodegradation and sorption were important removal mechanisms
for the NSAIDs tested.
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Although sorption and abiotic removal mechanisms were minor compared to biotic ones for
many TrOCs, a higher removal of the NSAIDs (diclofenac, ibuprofen, ketoprofen and naproxen),
cholesterol-lowering agents (bezafibrate, clofibric acid), carbamazepine and benzotriazole in the
surface sediment relative to subsurface sediments in abiotic microcosms indicates that sorption of
these compounds is influenced by organic carbon concentration in the sediments. Such influence on
sorption as a removal mechanism for some organic micropollutants in sediments by the organic matter
content has been previously reported [6,16,34,41]. For some other compounds such as the beta-blockers
(metoprolol, propranolol), furosemide and hydrochlorothiazide, no correlation with TOC concentration
was observed suggesting other factors or processes contributed to their removal. Indeed, processes
such as hydrolysis have been reported as significant removal mechanisms for such compounds as
furosemide [51] and hydrochlorothiazide [46]. The quality of organic carbon sorbed to mineral particles
or in the form of particulate organic matter likewise impacts sorption (reviewed in [52]). It is well
established that the lower the O/C ratio of such organic matter is, the higher its hydrophobicity and
the higher hydrophobic interactions with dissolved organic compounds are. Organic coatings of
particles are important mediators of sorption, modifying the chemical and physical properties of
particles relevant for sorption, e.g., charge-distributions [53]. The contribution of such processes to
their removal in the current study are thus hypothesized. Moreover, the occurrence of TrOCs in neutral
and ionizable forms further determine the type of interaction with the sediment materials due to the
influence of external factors such as pH [54]. At the prevailing pH in the microcosms (pH 7.5–8),
the test compounds potentially exhibited different physicochemical properties, and their interaction
with the sediment was expected to be driven by different processes such as hydrophobic partitioning
for neutral TrOCs, e.g., carbamazepine, and electrostatic interactions and surface complexation for
the ionizable TrOCs, e.g., ibuprofen, naproxen, ketoprofen and diclofenac [6,55]. In the same way,
desorption of the TrOCs from the sediment into the aqueous phase may be driven by the same factors
leading to a counteractive effect on the sorption as a TrOC removal mechanism.
4.2. Interplay of TOC, Bacterial Community Structure and TrOC Removal
The difference in the organic carbon content in the two sediment samples was reflected in the
bacterial community structure and TrOC removal dynamics. The taxonomic composition of the
bacterial community at the phylum level remained relatively constant throughout the incubation in
the surface sediment samples (Figure 5A,B), likely due to the stable supply of carbon and energy
from the organic-rich sediment. In the presence of abundant primary carbon sources, degradation of
TrOCs via cometabolism as previously demonstrated appears likely [6]. In such a scenario, the bacteria
possibly utilized the organic carbon as the sole source of carbon and energy while transforming the
TrOCs as a non-growth substrate [56]. While cometabolism is a major TrOC removal mechanism in
cases where the concentration of the TrOCs is too low to support biomass growth, or where they
exhibit apparent toxicity rendering them unfavorable to enter catabolic pathways of microbial cells,
in some cases the cometabolism initiates a reaction to transform persistent compounds into their
more biodegradable forms before they enter the central metabolic pathways [40]. The latter may have
occurred as reflected in the marginal increase in the relative abundances of Proteobacteria, Bacteroidetes,
Firmicutes, Acidobacteria, Chloroflexi and Gemmatimonadetes in amended relative to unamended
samples (Figure 5A,B), indicating potential utilization of some of the TrOCs as a carbon source by
these phyla. However, metabolic degradation cannot be excluded and might represent an alternative
explanation for such findings. Indeed, members belonging to these phyla have been associated with
degradation of various xenobiotics including the current test compounds [16,23,24,57–62].
In the subsurface sediment samples, a shift in the bacterial community composition in the
amended samples relative to unamended controls at day 15 of incubation (Figure 5C,D), in which the
relative abundance of Proteobacteria increased, while other phyla such as Chloroflexi, Firmicutes and
Actinobacteria declined, suggested a possible change in the carbon utilization dynamics. Depletion of
readily degradable organic carbon may have favored Proteobacteria. As relatively rapid responders to
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substrates [63], and a characteristic broad physiological and metabolic diversity [64], the Proteobacteria
may have easily adapted to utilizing the TrOCs as an alternative sole carbon and energy source,
hence outcompeting the other taxa in the microbial community. Nevertheless, analyses at the family
and genus levels revealed that even within the declining phyla some taxa increased in their relative
abundance in amended relative to unamended samples, thus suggesting a possible utilization of
TrOCs as a carbon source. (Figure 6C,D; Table 1). Such a phenomenon with different members of
the same phylum responding differently to TrOC exposure has been previously reported [16,23,65].
Slow responders such as Chloroflexi and Acidobacteria were only observed to increase in relative
abundance at day 65, signifying the importance of contact time between some bacterial groups and
TrOCs, a factor associated with the enhanced TrOC removal capacity of hyporheic zone sediments
compared to WWTPs [15,23,39].
4.3. Putative Taxa Associated with Degradation of the Test Compounds
Bacterial taxa enriched in the micropollutant-amended microcosms relative to the unamended
controls were considered potential degraders of the test compounds (Figure 6; Table 1). These included
Proteobacteria affiliated families Methylophilaceae, whose members are obligate methylotrophs but
were also previously associated with the degradation of TrOCs such as ketoprofen, formononetin,
ibuprofen, primidone, ametrine and naproxen [66] as well as Comamonadaceae previously associated
with the degradation of pharmaceuticals in sediments [16,23]. The relative enrichment in the current
study of Rhodocyclaceae, hitherto associated with anaerobic hydrocarbon degradation, extends on
the recently reported potential of some Rhodocyclaceae affiliated taxa to degrade hydrocarbons
under oxic conditions [67]. Rhodocyclaceae was also important for the degradation of toluene under
oxygen-limiting conditions [67], highlighting potential resilience in the hyporheic zone under declining
oxygen conditions. This may explain its flourishing in the subsurface sediment samples where oxygen
availability may be limited (Figure 6C,D). The potential of Rhodospirillaceae and Xanthomonadaceae in
the degradation of aromatic organic compounds is widely reported [23,68–71]. Their relative enrichment
by TrOCs in the present study, therefore, extends this observation.
Enriched taxa at the genus level included the toluene-degrading Xanthobacter [72], Hyphomicrobium
previously associated with the degradation of ibuprofen [23] and 2,4-Dichlorophenol [73],
Novosphingobium widely associated with the degradation of numerous aromatic compounds
including pharmaceuticals [16,23,24,61], and Rhizobium enriched in ibuprofen-amended sediment
samples [23]. Other Proteobacteria affiliated genera hitherto unassociated with xenobiotic degradation
but enriched in the TrOC-amended samples included Phaselicystis, Ferritrophicum, Crenothrix,
Magnetospirillum, Reyranella, Prosthecomicrobium and Geothermobacter, suggesting their involvement in
the biotransformation of the test compounds. The genus Terrimonas belonging to the Bacteroidetes
was previously associated with the degradation of ibuprofen [23], dibutyl phthalate [74] and
benzo[a]pyrene [75], and was also enriched by the test compounds in the current study.
The increase in the relative abundance of Chloroflexi affiliated Caldilinaceae and Anaerolineaceae
following TrOC amendment corresponds to the previous association of these families with TrOC
removal [66,76]. The Caldilinaceae affiliated genus Caldilinea was previously associated with TrOC
removal in an anoxic–aerobic membrane bioreactor [66], while Anaerolineaceae representatives
were associated with degradation of organic pollutants, aromatics and n-alkanes under anaerobic
conditions [76–78]. Although considered strictly anaerobic [79], a surprisingly considerable abundance
of Anaerolineaceae members was detected in aerobic WWTP water samples [78]. The authors attributed
the observation to the presence of anoxic microzones within the aerated wastewater flocs. A recent
study further revealed enrichment of Anaerolineaceae in ibuprofen-amended oxic hyporheic zone
sediments [23]. Their prevalence in such conditions may, therefore, be attributed to similar anoxic
microzones commonly reported within the oxic hyporheic zone sediments [15]. The enrichment of
the Chloroflexi affiliated unclassified KD4-96 and JG30-KF-CM45 families in the current study further
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extends their association with the degradation of TrOCs as recently reported in ibuprofen-amended
oxic hyporheic zone sediments [23].
An unclassified Acidobacteria Subgroup 6 family enriched in the presence of TrOCs is in agreement
with the reported association of members within this phylum with the degradation of pharmaceuticals,
polychlorinated biphenyls and petroleum compounds [16,23,57,80]. The family Acidimicrobiaceae has
been associated with ibuprofen degradation in oxic hyporheic zone sediments [23], and its enrichment
in the current study suggests a potential to degrade aromatic compounds. The increase in the relative
abundance of Gemmatimonadaceae in amended relative to unamended sediment samples suggests
the potential to utilize at least some of the TrOCs. Members of this family have been associated
with degradation of ibuprofen [23] and other complex compounds, e.g., the benzoate-degrading
Gemmatimonas aurantiaca and an uncultured Gemmatimonas species were associated with alkylbenzene
sulfonate degradation [60].
The enrichment of Firmicutes affiliated Eubacteriaceae and Peptococcaceae belonging to Clostridia
corresponds to their previous association with xenobiotic degradation. Eubacteriaceae was among soil
microorganisms associated with soils historically contaminated by heavy metals and hydrocarbons [81].
Peptococcaceae, though previously reported in the anaerobic degradation of aromatic compounds [82],
have been recently shown to harbor genes encoding enzymes involved in benzene degradation in
a benzene-degrading denitrifying continuous culture, where transcripts associated with the family
Peptococcaceae dominated all samples [83]. The enrichment of such a broad range of taxa by TrOCs in
hyporheic sediments highlights the hyporheic zone as a reservoir of diverse bacteria with a potential to
degrade a wide range of emerging contaminants.
5. Conclusions
Though the microbial removal efficiency of most TrOCs declined with increasing hyporheic
sediment depth attributable to the differences in the concentration of organic carbon and associated
changes in microbial community dynamics, in some cases, low concentrations of organic carbon
can boost TrOC removal, since in high concentrations, the organic carbon may also serve as a
competitive substrate that inhibits preferential degradation of TrOCs. As evidenced in the current
study, the contribution of sorption and other abiotic removal mechanisms to the fate of organic
micropollutants in sediment-water matrices is not to be ignored. Moreover, the contribution of the biotic
and abiotic processes in TrOC removal is not exclusionary but rather complementary since, for example,
sorption may impair or enhance the bioavailability of a compound. Likewise, biodegradation of
dissolved compounds at equilibrium concentrations will stimulate desorption of sorbed fractions.
Thus, the importance of biodegradation might be underestimated when abiotic and biotic treatments
are merely compared in terms of TrOC removal.
The bacterial community analyses in TrOC amended relative to unamended sediment samples
highlight diverse bacteria potentially supporting TrOC removal, a remarkable tolerance of hyporheic
zone bacterial taxa towards a cocktail of TrOCs at rather high concentrations, and how environmental
factors such as TOC might impact TrOC removal. Thus, the hyporheic zone supports an important
ecosystem service in terms of sustaining a diverse microbiome and surfaces for microbial colonization
as well as TrOC sorption, all contributing to the removal of TrOCs from river water.
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